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charakterizujcch okraj a centrum plazmatu tokamaku JET. Pace obsahuje uvod do
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Chapter 1

Basic Plasma Physics

1.1 Plasma de nition

If the temperature of a gas is raised above about 10 000K vidilly all of the atoms become
ionised, with electrons becoming separated from their n&l The resulting ions and
electrons then form two intermixed uids. However, the eldcostatic attraction between
their positive and negative charges is so strong that only st charge imbalances are
allowed. The result is that the ionised gas remains almost agal throughout. This
constitutes a fourth state of matter called aplasma

For any species of atom there will be a plasma temperature almowhich all the atoms
have lost an electron, and the gas is then said to be fully i@&d. In the case of the
hydrogen isotopes, hydrogen, deuterium and tritium, the a@m has only one electron, and
consequently they become fully ionised at a comparativelpw temperature [1].

It is traditional and convenient to give plasma temperature in electron volts (eV), or
kiloelectron volts (keV). The electron volt is de ned as theenergy an electron is receives
in falling through an electric potential of one volt. The comersion is given by le\= 11
600 K, and for present purposes it is adequate to think of 100iliion degrees as 10 keV.
The Saha equation tells us the amount of ionization to be exped in a gas in thermal
equilibrium:

. 3=2
Nt o gl e v (1.1)

Ny n;
wheren; and n, are, respectively, the density of ionized atoms and of nealratoms, T
is the gas temperature in Kk is Boltzmann's constant andy; is the ionization energy of
the gas.

It is believed that 99 % of the matter in the universe is in the fasma state. Plasma
can be found in the interior of the stars as well as in the intstellar space and in the core
of the planets. Plasma also occurs in gas discharges ("neaght”, lightning) as part of
our daily live. The useful de nition of plasma is the followng:

A plasma is a quasineutral gas of charged a neutral particlegich exhibits collective be-
havior.



We must now de ne "quasineutral” and "collective behavior"

If the typical dimension L of a system is much larger than the Debey lengthp
(1.2). p is a measure of the shielding distance or thickness of the atte - then
whenever local concentrations of charge arise or externadtpntials are introduced
into the system, these are shielded out in a distance shortropared with L, leaving
the bulk of the plasma free of large electric potentials or lds.

" OkTe 1=2

D= ne? (1.2)

where" is vacuum permittivity, T is the temperature in K, k is Boltzmann's con-
stant, n is plasma density anck is elementary charge. The plasma is "quasineutral”;
that is, neutral enough so that one can take; w n. w n, but not so neutral that
all the interesting electromagnetic forces vanish.

By "collective behavior" we mean motions that depend not oglon local conditions
but on the state of the plasma in remote regions as well. Becsi of collective
behavior, a plasma does not tend to conform to external in uges [2].

1.2 Types of plasmas

1.2.1 Astrophysical plasmas

There are a variety of astrophysical plasmas in nature (Figa 1.1). They cover a wide
range of densities and temperatures. The interior of the suand the stars consists of
a very dense and very hot plasma (for Sui t 1,3keV) where light atomic nuclei fuse
to heavier ones and release the access of binding energy eting to Einsteins famous
formula E = mc?. The solar corona is a dilute magnetized plasma with temperae
of several million degrees. The Sun emits an extremely ditutsupersonic plasma, the
solar wind, into its planet system. Near the earth the solar imd hasn. t 5cm 2 and
Te = 10°K: Because of its high temperature, the plasma has still a higlorductivity.

By interaction with the electromagnetic radiation from the Sun the atoms of the upper
atmosphere become partly ionized. We call this plasma whigxpands from about 60 km
to 2000 km altitude the ionosphere [3].

1.2.2 Laboratory plasmas

The tradition of laboratory plasma physics starts with the nvestigation of the weakly

ionized plasmas of ames in the 18th century. Typical appl&tions nowadays are plasma-
aided welding and combustion for this type of plasma.

Since the plasma may carry an electric current, plasma dis@tyes of various types are
investigated in fundamental research and applied in indust Low-pressure discharges
like glow discharges carry small currents with cold electdes. They serve for lightening,
for gas lasers like theCO, laser or the HeNe laser, and for the wide-spread applicati®n
of plasma etching and deposition.

High-pressure discharges like arcs may carry larger curterand thereby attain higher
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Figure 1.1: Plasma in nature and in astrophysics.

temperature. They may also serve for lightening like the wieknown high-pressure mer-
cury lamp, for switches, and for plasma-material procesgnlike melting, cutting, and
welding [3].

After the second world war, increasing attention was deditad to fusion plasmas aiming
for releasing of fusion energy by heating and con ning iorézl gas of hydrogen isotopes.

1.3 The E ect of Magnetic Field

The motion of a particle with electric chargeg and massm in electric and magnetic elds
can be determined from the combined electrostatic and Lorenforce:

F=qE+v B) (1.3)

For E = 0 and a homogeneous magnetic eld, the kinetic particle emgy remains constant
because the Lorentz force is always perpendicular to the gelty and can thus change only
its direction, but not its magnitude. In a uniform magnetic eld B the motion of a charged
particle has two parts. Firstly, it has a circular motion pependicular to the magnetic
eld, the radius of the circle being called the Larmor radius

mgqV
L= 2 (1.4)

jaB
This radius increases with the energy of the particle and dexases with the strength of the
magnetic eld. For a typical ion in a JET plasma the Larmor radus is a few millimetres.
For an electron the Larmor radius is smaller by the square roof the electron-ion mass
ratio and is typically a tenth of a millimetre. Because of thepposite signs of their charges
the electrons and ions circulate in opposite directions [1]
The other part of the motion is that along the magnetic eld. In a uniform magnetic
eld the charged particle's motion parallel to the eld is una ected by the eld, and the
particle's \parallel velocity" is constant. When the two parts of the motion are combined
we have a helical trajectory as shown in Figure 1.2.

9
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Figure 1.2: Particle motion in uniform magnetic eld.

1.4 Particle collisions

Collisions in the plasma play an important role for all colletive e ects like e.g. resistivity
in the plasma. When an electron collides with a neutral atonmo force is felt until the
electron is close to the atom; these collisions are similaw billiard-ball collisions (Figure
1.3). However, when an electron collides with an ion, the ekeon is gradually de ected
by the long-range Coulomb eld of the ion. This force falls o comparatively slowly with
distance, in fact with the inverse square of the distance b&een the particles. As a result
of this long range interaction any given particle is collidig simultaneously with a large
number of the particles. In a plasma such as that in JET each pigcle is simultaneously
\in collision” with millions of other particles [3]. An e ective collision time can be de ned
for each particle species as the time for the multiple colimms to produce a de ection
through a large angle. The collision times depend sensitlyeon the plasma temperature,
but taking a typical JET plasma the collision time of the eletrons is a few hundred
microseconds, and of the ions is tens of milliseconds. Thestdince travelled in this time
gives a mean free path of hundreds of metres for both ions anéctrons.

Figure 1.3: Rutherford scattering; S is the centre of mass of the scatieg partners.

10



Chapter 2

Nuclear Fusion

2.1 Introduction

In astrophysics, fusion reactions power the stars and prode all but the lightest elements.
Whereas the fusion of light elements in the stars releaseseegy, production of the heav-
iest elements absorbs energy, so that it can only take plage the extremely high-energy
conditions of supernova explosions. In military applicatins, fusion of light elements pro-
vides the energy of thermonuclear explosions. If all goesli&e will manage to harness
that fusion energy as a source of energy for mankind [3].

It takes considerable energy to force nuclei to fuse, evenoge of the lightest element,
hydrogen. But the fusion of lighter nuclei, which creates adavier nucleus and a free neu-
tron, will generally release more energy than it took to foethem together - an exothermic
process that can produce self-sustaining reactions.

The energy released in most nuclear reactions is much largban that for chemical re-
actions, because the binding energy that holds a nucleus #tber is far greater than the
energy that holds electrons to a nucleus. For example, theniaation energy gained by
adding an electron to a hydrogen nucleus is 13.6 eV - less thane-millionth of the 17
MeV released in the D-T (deuterium-tritium) reaction.

Any energy production from nuclear reactions is based on dirences in the nuclear bind-
ing energy. Figure 2.1 shows the nuclear binding energy parateon (proton or neutron).
It has been derived from measurements of the masses of thelayovhen it was observed
that the masses of nuclei are always smaller than the sum ofetlproton and neutron
masses which constitute the nucleus. This mass di erenceroesponds to the nuclear
binding energy according to Einstein's energy-mass relati E = mc?.

From Figure 2.1 it is clear that there are two ways of gaininguclear energy:

1. By transforming heavy nuclei into medium-size nuclei: ik is done by ssion, e.g.
of uranium.

2. By fusion of light nuclei into heavier ones: in particularthe fusion of hydrogen
isotopes into stable helium o ers the highest energy releagper mass unit. Doing
this in a controlled manner has been the goal of fusion reseharfor about 40 years.

11
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Figure 2.1: Nuclear binding energy per nucleon as a function of the nuafenumber A.

The energy release per nucleon is of the order of 1 MeV (=66V) for ssion reactions
and in the order of a few MeV for fusion reactions. This is 6-7raers of magnitude
above typical energy releases in chemical reactions, whiekplains the e ectiveness and
potential hazard of nuclear power.

2.2 Fusion on the Sun

Nuclear fusion of light elements is the source of energy praakd in the stars including our
Sun which maintains life on our planet. In the stars, the coriion necessary for fusion
as regards temperature, density and con nement time are maained by gravity. On the
Sun the main reactions are the following:

p+p ! D+e+ o
D+p ! SHe +
*He+3He | ‘He+2p

where p denotes a proton,D a deuteron, a heavy hydrogen isotope with one proton and
one neutron,®He, “*He are helium isotopes, stands for a high-energy photone" for a
positron and . for a electron neutrino [3].

Further reactions which are important at temperatures abos about 1 keV, produceZBe,
ILi, B and §Be, which decays into 2He nuclei. Also in these reactions neutrinos are pro-
duced, however with a higher kinetic energy than those fronhé pp-reactions mentioned
above.

12



2.3 Fusion on Earth

To ignite the nuclear fusion it is necessary to put togetheruclei of speci c light atoms
close enough to overcome the strong repulsive electrostatorces and con ne them su -
ciently long. Mathematically it is expressed in the Lawsonrierion :

L=ngTi>L i (2.1)

where g is mean value of the energy con nement timen is plasma density andT;
is plasma ion's temperature. L. has di erent values for di erent reactions. Possible
candidates for using fusion energy on earth are the follovgmeactions [ denoting tritium,
the heaviest hydrogen isotope with 2 neutrons):

D + D ! SHe + n + 3:2MeV (50%)
D + D ! T + p + 4:03MeV (50%)
D + 3He ! “He + p + 18:35MeV
D + T ! “He + n + 17:5MeV
p + 1B ! 3 “He +  8:7MeV

The rst four reactions (for which the cross sections are sk in Figure 2.2) can be
summarized as

3D ! “He + p + n 2L6MeV

and therefore rely on deuterium as fuel only. All the reactio cross sections in Figure 2.2
show a steep increase with the relative energy, but the D-T aetion

D + T ! ‘He + n + 17:59MeV

has by far the largest cross-section at the lowest energidhis makes the D-T fusion pro-
cess the most promising candidate for an energy-producingsteem. To be a candidate for
an energy producing system, the fusion fuel has to be su cidg abundant. Deuterium
occurs with a weight fraction of 33 10 ° in water. Given the water of the oceans, the
static energy range is larger than the time the sun will contiue to burn.

Tritium is an unstable radioactive isotope. It decays to
T ! SPHe + e +

with a half-life of 12.3 years. Tritium can be produced with nclear reactions of the
neutrons from the D-T reaction and lithium:

n + °Li ! ‘He+ T +4:8MeV
n + ‘Li ! ‘He+ T+n 25MeV

The ultimate fusion fuel will thus be deuterium and lithium. The latter is also very
abundant and widespread in the earth's crust and even ocearai®r contains an average
concentration of about 0.15 ppm of lithium.

13
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Figure 2.2: Measured cross-sections for di erent fusion reactions as &unction of the
center of mass energy.

2.4 Ignition

As a D-T plasma is heated to thermonuclear conditions the-particle heating provides

an increasing fraction of the total energy. When adequate omement conditions are

provided, a point is reached where the plasma temperature mméde maintained against

the energy losses solely by-particle heating. The applied external heating then can be
switched o and the plasma temperature is sustained by interal heating only [4]. The

Lawson criterion gives for D-T reaction following conditia for ignition:

nT ; > 3:10°m 3keVs (2.2)

This is a very convenient form for the ignition condition sike it brings out clearly the
requirements on plasma density, ion temperature, and engrgon nement time. The
precise value of constant in condition (2.2) depends on theqles of n and T;. The
condition (2.2) is valid for at prole of n andT;.

A measure of the success in approaching reactor conditiosgjiven by power ampli cation
factor Q, a ratio of the thermonuclear powerP; produced to the heating powerPy
supplied, that is:

Q= 5- (2.3)
There are two ways how to reach an ignition:

1. To maximize con nement time: the hot plasma is con ned by ong magnetic elds
leading to maximum densities of about 5 10?°m 2, which is 2 10° times smaller
than the atom density of a gas under normal conditions. Withtiese densities, the
energy con nement time required is in the range of 2 to 4 seacd® [3]. This approach
is the main line in fusion research today and it is calledhagnetic con nement fusion

2. The other extreme is to maximize the density. This can be de by strong, symmet-
ric heating of a small D-T pellet. The heating can be done withasers or particle

14



beams and leads to ablation of some material causing implogidue to momentum
conservation. It is clear that the energy con nement time igxtremely short in this
concept: it is the time required for the particles to leave tb hot implosion center.
The density required is about 1000 times the density of ligdiD-T. Since it is the
mass inertia which causes the niteness of this time, this gpoach to fusion is often
called'inertial fusion' .

2.5 Magnetic con nement fusion

Two di erent principles for twisting the magnetic eld lines have been invented in the
'50s and are under investigation:

stellarator - The stellarator was invented in 1951 by L. Spitzer in Prinden. In a
stellarator the twist of the eld lines is created by extern coils wound around the
plasma torus, as shown in Figure 2.3. Due to these externalroents the plasma
shape is not circular, but shows some indentation. In this sa, with four coils
(neighbouring coils carry opposite current), the plasma lsaan oval shape. These
external coils have the advantage that the current can be ctolled from outside
and can ow continuously (Figure 2.3 left). Nowadays such ‘'lassical” stellarators
have been replaced by "modular" stellarators (Figure 2.3 ght), where the planar
toroidal coils and the helical coils have been replaced by @esomplex, but modular
system of non-planar coils [3].

Helical winding Plasma Magnetic field line

Vacuum vessel Main field coil

Figure 2.3: Schematic view of a stellarator: 'Classical' stellarator§left) nowadays have
been replaced by 'modular' stellarators (right).

tokamak- The tokamak was proposed by two Russian physicist, Tamm ar&hkharov
in 1952 and realized by Artsimovich. The word tokamak itselfs derived from the
Russian words for toroidal chamber with magnetic eld. The dtkamak concept is
shown in gure 2.4. The tokamak is a toroidal con nement sysgm in which the
plasma being con ned by a magnetic eld. The principal magn& eld is the

toroidal eld. However, this eld alone does not allow con rement of the plasma.
In order to have an equilibrium in which the plasma pressuresibalanced by the
magnetic forces it is necessary also to have a poloidal matineeld. In a tokamak

this eld is mainly produced by current in the plasma itself,this current is owing

in the toroidal direction. The current also serves for plasenbuild-up and heating.

15



This current is produced by induction, the plasma acting ashte secondary winding
of a transformer. The combination of the toroidal and poloidl eld gives rise to
magnetic eld lines which have a helical trajectory around lte torus. The toroidal
magnetic eld is provided by simple magnets - coils linkingte plasma. The mag-
nitude of the toroidal eld is typically a few Teslas. Tokam&s have proved to be
very successful in improving the desired fusion plasma catidns and the today's
best experiments are based on the tokamak principle. Of caa;, a transformer can
induce the plasma current only during a nite time. For truely continuous tokamak
operation, alternative current drive methods are being deloped.

Inner Poloidal field coils
(Primary transformer circuit)

Poloidal magnetic field Outer Poloidal field coils

Resulting Helical Magnetic field Toroidal field coils

Plasma electric current Toroidal magnetic field
(secondary transformer circuit)

Figure 2.4: Schematic view of a tokamak.
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Chapter 3

Joint European Torus

3.1 Introduction

The JET Joint Undertaking was established in June 1978 to castruct and operate the
Joint European Torus (JET), of its time the largest single poject within the European
nuclear fusion programme. It was coordinated by Euratom (& European Atomic Energy
Community), and the JET project went on to become the agshipof the Community
Fusion Programme. It started operating in 1983 and was the st fusion facility in the
world to achieve a signi cant production of controlled fusbin power (nearly 2 MW) with
a Deuterium-Tritium experiment in 1991.

JET furthered fusion science well beyond the goals of the gimal Design Team and has
evolved into a physics and technology basis for preparingrféTER, the International
Thermonuclear Experimental Reactor. After 1991, JET was dranced by the installation
of a divertor to handle higher levels of exhaust power. Deutam experiments in the ITER
geometry have made essential contributions to the ITER diveor design and provided key
data on heating, con nement and fuel purity. This has contifbuted signi cantly to the
de nition of the size, heating requirements and operatinganditions of ITER [5].

During 1997 the JET operations included a three months' cangign of highly successful
experiments using a range of Deuterium-Tritium fuel mixtues. The results were of major
signi cance. JET set three new world records:

22 MJ of fusion energy in one pulse
16 MW of peak fusion power

a 65% ratio of fusion power produced to total input power

In Spring 1998 the fully remote handling installation of an TER-speci ¢ divertor was
successfully completed on time, demonstrating another tawlogy vital for both ITER
and a future fusion power station. Experimental work contined in 1999, in particular to
characterise the new divertor con guration to control impuities and plasma density and
to develop Internal Transport Barrier scenarios in prepar#on of ITER.

The ownership of the JET Facilities was transferred to the UKAtomic Energy Authority
(UKAEA), and the overall implementation and co-ordinationof further scienti ¢ exploita-
tion is now carried out under EFDA, the European Fusion Devepment Agreement.

17



3.2 Description of the JET tokamak

The toroidal component of the magnetic eld on JET is generad by 32 large D-shaped
coils with copper windings, which are equally spaced arouride machine. The primary

winding (inner poloidal eld coils) of the transformer, useé to induce the plasma current
which generates the poloidal component, is situated at thentre of the machine. Coupling
between the primary winding and the toroidal plasma, actings the single turn secondary,
is provided by the massive eight limbed transformer core. Aund the outside of the
machine, but within the con nes of the transformer limbs, isthe set of six eld outer

poloidal eld coils used for positioning, shaping and stabsing the position of the plasma
inside the vessel. During operation large forces are produtcdue to interactions between

Figure 3.1: Drawing of the JET tokamak

the currents and magnetic elds. These forces are constra&id by the mechanical structure
which encloses the central components of the machine [5].

The use of transformer action for producing the large plasn@airrent means that the JET
machine operates in a pulsed mode. Pulses can be produced ataximum rate of about
one every twenty minutes, and each one can last for up to 60 sads in duration. The
plasma is enclosed within the doughnut shaped vacuum vesgéiich has a major radius
of 2.96m and a D-shaped cross section of 4.2m by 2.5m. Figuré @ives a drawing of the
JET tokamak showing the general layout.

3.2.1 The Vacuum Vessel

The basic purpose of the vacuum vessel is to hold a vacuum iniafnthe pressure is less
than one millionth of atmospheric pressure. This means of wse that it has to carry the
force of atmospheric pressure over the whole of its surfad€) tonnes per square metre
over an area of 200 square metres. In order to cleanse the piasfacing surface of the
vessel of impurities it is designed to be baked at 50Q, and this implies the additional

18



Plasma major radius 2.96m
Plasma minor radius 2.10m (vertical)
1.25m (horizontal)
Flat-top pulse length 20s
Weight of the iron core 2800t
Toroidal Field Coil Power
(Peak On 13s Rise) 380MW
Toroidal magnetic eld
(on plasma axis) 3.45T
Plasma current 3.2MA (Circular plasma)
4.8MA (D-Shape plasma)
Volt-seconds to drive plasma current 34Vs
Used additional heating power 25MW

Table 3.1: JET parameters

requirement that the heating and cooling has to be carried éwithout unacceptable
stresses from expansion and contraction. The vessel is degid with a double skin to
allow heating by hot gas which is passed through the interspa [1].

3.2.2 Magnetic Field Coils

The toroidal magnetic eld is produced by 32 D-shaped coilsnelosing the vacuum vessel
and the layout of these coils is illustrated in Figure 3.2. Ezh coil is wound with 24 turns
of copper bar and weighed 12 tonnes. The combined current oang capacity of all the
coils is 51 MA. The coils carry currents for several tens of@nds and consequently they
had to be cooled using water as the coolant. The magnetic elkekerts an expansive force

Figure 3.2: The toroidal eld coil system

on the coils and the tensile force on each coil is up to 600 tas) this force being carried
by the tensile strength of the copper. The total force on eaatoil is almost 2000 tonnes,
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directed toward the major axis of the torus. A further force dses from the interaction
of the currents in the coils with the poloidal magnetic eld. The current in the toroidal
eld coils crosses the vertical component of the poloidal ld in opposite directions in
the upper and lower halves. This produces a twisting force vdh, in the JET design, is
carried by an outer mechanical structure [1].

The poloidal eld coils are horizontal circular coils. If these coils were placed inside the
toroidal eld coils the two sets of coils would be linked, wit the associated problems
of assembly. The poloidal eld coils are therefore placed taide the toroidal eld coils.
The main poloidal eld coil is the inner coil wound round the entral column of an iron
transformer core to act as the primary of the transformer. T other six coils are optimally
placed to provide control of the plasma shape and position.hE largest of the coils is 11
metres in diameter.

3.2.3 Power Supplies

Every individual plasma experiment at JET lasts several tem of seconds and during
experimental campaigns there are some 30 pulses a day. Inatlwords, most of the
JET power consumption is concentrated in short bursts, whircis quite demanding on the
electricity grid and on electrical engineering in generalMoreover, even during a single
pulse, the power requirements are not constant { the pulseatup (magnetic eld set-up
and initial plasma heating) needs more power than the sustang phase. The toroidal
eld coils are the largest single load on JET. The poloidal & system, on the other hand,
has complex switching and control requirements. Running &T pulse requires around
500 MW of power, of which more than a half goes to the toroidaleld coils. Around
100 MW of power is needed to run the poloidal eld system (ohmiheating and plasma
shaping coils) and the rest ( 150 MW) runs the additional heatg sources (neutral beams
and RF heating) [5].

3.2.4 Plasma Heating Systems

One of the main requirements for fusion is to heat the plasmaagticles to very high
temperatures or energies. The following methods are typibaused to heat the plasma:

Ohmic heating : The initial heating in all tokamaks comes from the ohmic hda
ing caused by the toroidal current. Currents up to 5 MA are indced in the JET
plasma. At low temperatures ohmic heating is quite powerfubnd, in large toka-
maks, produces temperature of a few keV. The current inherdiyn heats the plasma
by energising plasma electrons and ions in a particular tadal direction. A few
MW of heating power is provided in this way.

Neutral beam heating : A widespread technique of the additional plasma heating
is based on the injection of powerful beams of neutral atomatd ohmically pre-
heated plasma. The beam atoms carry a large uni-directionkinetic energy. In the
plasma, beam atoms loose electrons due to collisions, i.&ey get ionised and as
a consequence are captured by the magnetic eld of tokamak.h&se new ions are
much faster then average plasma particles. In a series ofl=ibns, the group velocity
of beam atoms is transferred into an increased mean velocity the chaotic motion
of all plasma particles. In fusion experiments, the neutrdleams are usually formed
by atoms of hydrogen isotopes (hydrogen, deuterium or everitium at JET). The
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energy of the beam must be su cient to reach the plasma centreif the beam atoms
were too slow, they would get ionised immediately at the plaza edge. At the same
time, the beam is supposed to have enough power to deliverrgigant amounts of
fast atoms into plasma, otherwise the heating e ect would rtobe noticeable. At
JET the beam energy is 80 or 140 keV. The total power of beam ligay at JET is
as much as 23 MW.

Radio-frequency heating : As the plasma ions and electrons are con ned to rotate
around the magnetic eld lines (gyro-motion) in the tokamak electromagnetic waves
of a frequency matched to the ions or electrons gyrofrequgnare able to resonate
or damp their wave power into the plasma particles.

lon cyclotron resonant heating (ICRH)is routinely applied on JET. It is resonant
with the second harmonic frequency of ion gyration of main @sma ions (deuterium)
or with a base frequency of gyration of minority species (tium, helium...). The
available resonant frequencies at JET are in the range of B3- MHz. In total, the
installed power of JET ICRH system is as much as 32 MW and in pctice only
part of this potential can be coupled to plasma.

There are many other resonant frequencies in tokamak plasm&ut experiments
have found some to be ine cient or impractical while others gnply cannot penetrate
through the plasma edge region. Although the lower hybrid é&quency can get into
the plasma, unfortunately it has an ine cient heating e ect. Nevertheless another
signi cant application of lower hybrid frequency has evolgd: the corresponding
lower hybrid wave can drive electric current thanks to the fet that it has an electric
component parallel to magnetic eld lines. At JET, Lower Hybrid Current Drive
(LHCD) system work at frequency 3.7 GHz. The LHCD installed capagitat JET
is 12 MW of additional power. Thanks to this system, o -axis &ctric current of
several MA can be driven.

3.3 JET operating regimes

There are variety of experimental regimes of JET tokamak. Tén reference con nement
scenario, used for extrapolation to a burning fusion plasméa based on the H-mode which
exhibits a transport barrier at the plasma edge. Con nemenmodes withinternal trans-
port barriers (ITB) , also referred to as advanced tokamak scenarios, are key teasly
state operating regime of ITER. They are basically de ned bythe same aims namely
improving con nement, stability and bootstrap current fraction [6]. The bootstrap cur-
rent is associated with the trapped particles in a tokamak plsma and, therefore, it is a
consequence of the inhomogeneity of the magnetic eld strgih. The most of the JET
discharges starts with a L-mode phase with medium con nemeproperties and low gra-
dients (Figure 3.3a). The L-mode is governed by a high level turbulence which enhances
the radial transport perpendicular to the magnetic eld lines. The combination of su -
ciently high neutral beam heating power and divertor con guation led to the discovery
of a high con nement mode in the ASDEX tokamak. This H-mode isharacterized by
an increase of the pressure gradient at the plasma edge whishassociated witch a local
reduction of the turbulent transport due to shear intheE B ow leading to a decorre-
lation of the underlying uctuations.

While in L-mode the gradients are limited over the whole plasa cross section, the H-mode
exhibits a region with large gradients at the edge, therefer also termed edge transport
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barrier, but a similarly at region in the plasma core. It is evident from the pressure pro-
le shown (Figure 3.4(b)) that in H-mode the product of pedetal pressure and plasma
volume already represents large fraction of the total plasmstored energy. Following the
similar considerations as for edge transport barrier, an t@rnal transport barrier may

be regarded as a region with a steep pressure gradient instie plasma core region, as
illustrated in Figure 3.4(c). Internal transport barrier can be basically de ned as a region

Figure 3.3: lllustration of pressure pro le observed in (a) L-mode, (b)H-mode and (c)

with an internal transport barrier (ITB). The shaded areas ndicate regions of reduced
radial transport which in H-mode is located at the plasma eelgand for an ITB in the

plasma core.

of reduced radial transport of energy or particles and hengecreased pressure gradients.
Usually, an ITB is postulated if at constant heating power tle gradients of temperature
or density increase locally above the previously observeevel, which corresponds to a
local reduction of the heat or particle di usivities. Internal transport barriers arise from
an in uence of the magnetic shears = (r=g)dg=dr on the growth of micro-instabilities.
In conventional tokamak plasmas without ITB, g increases monotonically from the cen-
ter towards the edge, i.e. the magnetic shear is positive ass the entire plasma radius.
Only in conjuction with ITB, due to the large o -axis bootstr ap current, does theg pro le
become non-monotonic (Figure 3.4, top right panel). It is akerved that heat transport
can be reduced at plasma regions with low or negative magreshear. In the discharges
with ITB, heating power is applied early in the plasma currenramp, resulting in higher
central Te. Due to the increased resistive skin time the initial at or sightly hollow plasma
current pro le remains \frozen" for the duration of the expeaiment.

Figure 3.4 compares pro les of the pressure, toroidal cumedensity and safety factorq
(assuming pure ohmic or pure bootstrap current) for both a \enventional” (non-1TB)
and an ITB plasma. In the conventional scenario the ohmic (dluctively driven) cur-
rent dominates. The ohmic current density pro le is xed by the conductivity (electron
temperature) pro le. A su ciently strong transport barrie r can, in principle, sustain a
reversed shear pro le. The strong pressure gradient proded by the transport reduction
creates a strong o -axis bootstrap current. The resulting an-monotonic current pro le
maintains the weak or negative magnetic shear pro le that &ws to sustain the transport
barrier. A tokamak reactor with an ITB and this type of \self-generated" plasma current
could be built smaller than a conventional tokamak and wouldllow true steady-state
operation.
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Figure 3.4: Pro les of plasma pressurep, current densityj and safety factorq comparing

conventional and advanced scenarios. A conventional plagrhas a monotonously rising
g pro le. Flat or reversed q pro le can lead to a transport barrier. In an ideal advanced
scenario, the resulting steep pressure gradient creates @tstrap current that maintains

the g pro le non-inductively in steady state. Ohmic and bootst contributions toj and

g are shown separately. Graphs courtesy of ASDEX Upgrade.

Although the sustainment of the ITB was complicated by the lawer H-mode threshold
with tritium, the reduction in electron and ion transport seems similar in DD and DT
plasmas. In fact, one of the main obstacles of extending th&Bs in JET and also in
other tokamaks to power levels clearly above the H-mode thaigold is the incompatibility
with the large Type-l1 ELMs, which, although being an instabity of the edge H-mode
transport barrier, seem to perturb the core plasma also andhiis destroy the ITB. In JET,
ITBs have been combined with L- and H-mode edge conditions.h€& latter include edge
transport barriers with both Type-lll and Type-I ELMs and have been termed double
transport barriers or double barrier (DB) modes. The abiliy of JET tokamak to form
ITBs and keep the plasma edge in L-mode depends on the divertmon guration. While
with the 'Mark-I1a’ divertor ITBs with L-mode edge plasmas were obtained regularly, this
was not possible anymore with the more closed 'Mark-11GB' GB' for gas box) divertor,
where the edge, on increasing the heating power, immediatelent into H-mode.
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Chapter 4

Plasma Diagnostics

4.1 Introduction

Plasma physics is currently one of the most active subdistipes of physics. Measure-
ments of the parameters of laboratory plasmas, termgaasma diagnosticsare based on a
wide variety of characteristic plasma phenomena. Understding these phenomena allows
standard techniques to be applied and interpreted corregtland also forms the basis of
innovation. The overall objective of plasma diagnostics i® deduce information about
the state of the plasma from practical observations of physal processes and their e ects.
Many di erent techniques are being used for measuring the apal pro les and evolu-
tion of various plasma parameters. Although most of them aralready well established,
plasma diagnostics is still a very challenging disciplin€’[.

Tokamak JET has one of the most complete set of diagnostics fieeactor grade plasmas
in the world, with unique capabilities in measuring the themonuclear fusion products,
i.e. the fast neutrons, gamma rays and alpha particles (botbon ned and lost). It is
the only tokamak facility that can use all hydrogen isotopesAbsolutely unique diagnos-
tics are also required to measure the plasma isotopic comgiims. Other major goals of
the JET diagnostics are common to other big fusion experimen to determine plasma
temperature and density, to measure plasma particle and radion losses, to nd out the
magnetic topology and to observe plasma ows and uctuatios. The speci city of JET,
in this case, consists of providing conditions for these nmaements that are closest to
a reactor environment. Below are a few important examples tifie diagnostics methods
applied at JET.

4.2 Categorization of plasma diagnostics

Plasma diagnostics can be categorized in various ways. lrogs lines the various plasma
diagnostics can be categorized in seven subgroups (magestiprobes, spectroscopy (vis-
ible, UV, x-ray), mm- and sub-mm diagnostics, laser-aidediagnostics, particle diagnos-
tics, and fusion product diagnostics). Temperatures in magtic con nement devices may
range from several eV in the scrape-o layer to tens of keV irhe plasma core. Also the
density range covers many decades fromIf10%'m 3. Therefore, the diagnostic systems
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should preferably have a large dynamic range [8]. Becausetlod high temperatures and
densities of presentday fusion plasmas, only diagnosticcteniques that have no physical
contact with the plasma can be employed (except for probesdhare usually applied at

the very plasma edge). Hence, the plasma must be diagnosetthezi by analyzing the ra-

diation and particles emitted by the plasma itself passive diagnosticsor by probing the

plasma with electromagnetic waves or particle beamsdtive diagnostic3. Especially in

the larger fusion devices it is important that the diagnostis are insensitive to the hostile
environment (e.g., high heat loads, neutron and gamma - raation), which can lead to

thermal and mechanical stresses as well as to a large numbérawiation-induced e ects.

Moreover, they must be well screened for the high electromagtic stray elds around

these devices. In the following sections the various group$ diagnostics will be shortly
discussed but it is certainly not the intention to give an exhustive overview of all possible
diagnostics.

4.2.1 Magnetics

Magnetic diagnostics operate in the frequency range from at 100 Hz up to several
MHz. This is the frequency range in which many typical plasmarocesses are active, like
MHD (MagnetoHydroDynamics) instabilities. Magnetic diagnostics are indispensable for
the operation of magnetic con nement devices. They are uséor measuring basic plasma
parameters as the plasma current, position, shape and prass, as well as for detecting
plasma instabilities. Magnetic diagnostics make use of tredectromagnetic waves emitted
by the plasma and are therefore passive.

The simplest magnetic diagnostic is th@ick-up coil whose integrated voltage output is a
measure for the magnetic eld strength. Combinations of pkcup coils are generally used
to determine the plasma position and shape.

Another very basic magnetic diagnostic is thé&kogowski coil which is a solenoid wound
in such a way around a poloidal cross section of the plasma thigs integrated output
voltage is proportional to the plasma current enclosed by thcoil. Voltage loops are used
to measure the loop voltage and, hence, if the plasma curreistknown from a Rogowski
coil, also the ohmic input power.Diamagnetic loopsare used to yield a value for the total
energy content of the plasma (i.e. plasma pressure).

4.2.2 Microwave diagnostics

Microwave diagnostics (also often indicated by mm and sub+m diagnostics) are in the
frequency range from 1 GHz { 3 THz. Many powerful and widely gpied diagnostics
like re ectometry, electron cyclotron emission (ECE) and hsorption (ECA) and interfer-
ometry/polarimetry belong to this group. Apart from ECE all diagnostics in this group
are active. Interferometry/polarimetry is often regardedas a laser-aided diagnostic. In
re ectometry, a wave with a frequency below the cuto frequency is launcleinto the
plasma. As a consequence the wave will be re ected from the-salled critical density
layer. One can deduce the position of that layer by measurintpe phase shift of the
probing wave with respect to a reference wave or by measuritige time-of ight of a
short microwave pulse to the re ecting layer and back. Mulple- xed or swept frequency
systems are employed for measuring the electron density peo

Interferometry is based on the phase shift that a wave experiences upon passtghrough
the plasma with respect to the vacuum situation. The frequesy is above the cuto fre-
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guency and is a trade-o between maximum phase shift and mimum disturbance by
vibrations and refraction. By also measuring changes in th@lane of polarization of the
wave it is possible to extract information about the internémagnetic eld and, so, the
current density in the plasma.

Electron cyclotron emission (ECE)is based on the cyclotron radiation emitted by the
electrons during their gyration around the magnetic eld Ines. The frequency depends
on the strength of the magnetic eld and, hence, on the posdh in the plasma. The
intensity of the radiation is for optically thick plasmas pioportional to the local electron
temperature.

4.2.3 Spectroscopy

Spectroscopic diagnostics are employed from very long toryeshort wavelengths. The
full range runs from approximately 10 m (ion cyclotron emissn spectroscopy) down to
10 pm (hard x-ray spectroscopy). Apart from charge exchangecombination and beam
emission spectroscopy (CXRS and BES) all spectroscopic giestics are passive.
Spectroscopy in the visible, VUV, XUV and soft x-ray spectrregions can give a wealth of
information on the atomic (ionic) processes in the plasma. He plasma emission in these
spectral regions consists of continuum radiation and lineadiation. The intensity of the
continuum radiation is a complicated function of the electsn temperature and density and
the impurity content. When knowledge is obtained about the lectron temperature and
density from other diagnostics, the impurity enhancementaictor (related to Z+ ) may be
obtained from measurements in line-free spectral regiongleasurements of line intensities,
broadening and shifts can yield valuable information on iodensities, temperatures and
plasma rotation. For many of these measurements a good spettresolution is of prime
importance.

4.2.4 Laser-aided diagnostics

Very similar to spectroscopy, laser-aided diagnostics aapplied in wide wavelength range.
Incoherent Thomson scatterings being applied at nearly every con nement device. It is
a very powerful method to measure very localized values (orgles) of the electron tem-
perature and density. Ruby and Nd:YAG lasers are most oftenpalied for this purpose.
In JET, a special con guration of Thomson scattering is usednd it is called LIDAR .
LIDAR (LIght Detection And Ranging) is an ingenious system ésigned for, and intro-
duced on JET to measure the electron temperature and densityts name is a variant
on RADAR, with which radio pulses are sent out, and re ectios from objects along the
path of the pulse are used for detection and range nding. Wt the JET system light
pulses replace the radio pulses. The method is based on Themscattering. When light
is passed through a plasma the electrons are accelerated by toscillating electric eld
of the light wave and this acceleration causes them to emit déation - so-called scattered
radiation. However, because of their thermal motion the ettrons pass through the wave
and see a dierent frequency from that of the original wave. Mhis causes a change in
the frequency they emit, and because the change depends oe #lectron temperature
analysis of the scattered radiation can give this temperata. The amount of scattering
naturally depends on the number of scatterers, and so Thoms@cattering is also used
to measure the electron density. Thomson scattering measuents normally give results
for a single point in the plasma. The clever idea with LIDAR ighat the laser-produced
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Figure 4.1: Layout of core LIDAR system on JET. The sight line is shown byialet colour.

light pulses are so short that they move across the plasmadiloullets. This means that
the measurements made at any instant correspond to the temag¢ure and density of the
electrons at the position of the pulse from which the deteatiescattered light was emitted.
As a result, a space resolved measurement is obtained withiagde laser pulse.

Two such LIDAR diagnostics run at JET - the "core" system look at the bulk of the
plasma (Figure 4.1) and the "divertor" system looks at the @sma edge. For Core LIDAR
it is used a 1 J ruby laser (wavelength 694 nm) as the light sater pulsed at four times
a second and for a detection there is six microchannel platéagtomultipliers (rise time
0.3 ns) each connected to fast data storage [5]. A second LIRAsystem, the Divertor
diagnostic, operates on the same principle but has a 3 J laseith a pulse repetition rate
of 1 Hz. It is used four photomultipliers and detection changls.

With laser-induced uorescence (LIF)transitions are induced between excited states of
certain ion species. Often dye lasers are employed to tunettee speci c wavelength of
the transition. The induced radiation yields information a the impurity ion densities in
the plasma.

425 Probes

Probes are active diagnostics in direct contact with the pEma. Therefore, they can only
be applied at very plasma edge. The most well known is tHeangmuir probe Langmuir

probes (LP) provide reliable electron temperature and deitg measurement in relatively
cool, low-density plasmas. The probe itself is a small metalectrode - cylindrical, spher-
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ical or in the shape of a disk - inserted into the plasma. The shth that envelops the
probe shields the plasma from the probe potential. The essmnof the Langmuir probe
technique is to monitor the current to the probe as the probealtage changes. The ideal
I-V characteristic of such a single probe is shown in Figure2l If we assume that the
current drawn by the probe from the plasma is positive, whenhe probe biasV is very
negative with respect to the plasma potentialV,, the electric eld around the probe will
prevent all but the most energetic electrons from reachinde probe, e ectively reducing
the electron current to zero. The current collected by the mbe will then be entirely due
to positive ions, since these encounter only an attractingeld. This current is called the
'ion-saturation current' |s. As the probe bias is increased, the number of electrons wihic

Figure 4.2: 1-V characteristic of an idealized Langmuir probe.

is able to overcome the repulsive electric eld and so contiite a negative current in-
creases exponentially. Eventually the electron current #ected is equal to };s, so that the
total current is zero. At this point the oating potential V; is reached. Further increase
of the probe bias toV, allows the electron current to totally dominate the ion curent.
At V,, electrons are unrestricted from being collected by the pbe. Any further increase
in bias will simply add energy to the electrons, not the curm@ drawn. Hence the term
‘electron-saturation current' l.s. Note that this is the ideal I-V characteristics, ignoring
the 'disturbing’ processes such as bombardment of the proliy high energy electrons,
emission of secondary electrons from the probe, and the pebtching away.

Currently there are installed 59 divertor Langmuir probes 828 poloidal locations. They
are mounted in the toroidal gaps between divertor tiles on JEtokamak. Ten of LPs have
two additional pins in separate toroidal location providig a triple probe arrangement.
Probes are mounted at three toroidal locations which are imcked A, B, C. Triple probes
measureT,, particle and heat uxes with time resolution dt = 0,1 ms (single probes with
5 ms) The layout of Langmuir probes in divertor region is showin Figure 4.3.
Bolometers are used to measure the radiation losses from the plasma in &e wave-
length range. Bolometers are also sensitive to particle kess. Wide-angle bolometers
yield a value for the total radiation losses from the plasmaA bolometer is just a tiny
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Figure 4.3: Langmuir probes layout in divertor region.

piece of metal with precisely de ned thermal properties thisheats up due to plasma radi-
ation. The radiation comes through a narrow slit (pinhole) hat de nes a "viewing line"
of each bolometer. Plasma radiation losses along the viegifine are then derived from
the increase in the bolometer temperature. With a su cient umber of viewing lines (i.e.
with a set of suitably positioned bolometers) it is possibléo nd out the radiation emis-
sivity pattern of plasma cross-section. The process of calating cross-section patterns
from viewing line projections is commonly knows as tomograp.

4.2.6 Particle diagnostics

Particle diagnostics are in the 10 eV - 1 MeV working rangeNeutral particle analysis
(NPA) is in essence a passive diagnostic. In the very low energy gan(up to 0.5 keV)
time-of- ight analyzers are often applied to measure the egy spectrum of neutral par-
ticles escaping from the plasma. This type of instrument isspecially sensitive to atomic
processes in the edge of the plasma. NPA at higher energies (10 keV) is used to di-
agnose the temperature of hydrogenic ion species in the ptes core and is employed for
studying fast ion populations. In large con nement deviceghe number of neutral atoms
emitted by the plasma core is dominated by particles emitteéh copious amounts from
the edge.

Charge exchange recombination spectroscopy (CXRiS)a hybrid of a particle and a spec-
troscopy diagnostic. This very powerful diagnostic can yié information on the impurity
ion temperature, density and rotation but also on the electn density uctuations and
internal magnetic eld.
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4.2.7 Fusion product diagnostics

Most fusion product diagnostics are based on the passive ageanalysis of particles that
are resulting from fusion reactions (e.g. tritium, protons3He, neutrons and gammas).
The neutron production rate strongly depends on the ion temgrature. A measurement
of the neutron uency therefore gives a rst order estimate bthe ion temperature. When

the neutron uency is measured along a number of well-colliated chords, the neutron
birth pro le and, hence, the ion temperature pro le may be olbained. A problem in the

interpretation of the neutron measurements is the large bkground of neutrons, which
are generated by other processes.

4.3 Diagnostics for future devices

The next step of fusion devices, that will be operated clos® tignited conditions, like
ITER, will have a large in uence on the eld of plasma diagnoscs. Diagnosticians will
be facing many new problems. Firstly, the diagnostic accesdll be strongly limited
because a large number of ports are needed to facilitate mawh systems (like heating
systems, robot arms for remote handling). In other words mandi erent diagnostics
have to be integrated into only a limited number of diagnosti ports. Secondly, diagnostic
components that are close to the plasma are exposed to highahaixes as well as to high
background of neutron and gamma radiation. Extensive R&D isieeded to nd proper
solutions for the various radiation-induced e ects. Thirdy, the diagnostics should be tri-
tium compatible implying that devices must be build up in as mdular way such that
parts of it can be removed by remote control. Finally, the dignostics should be reliable,
also during the (quasi-) continuous operation of ITER when idcharges with duration of
up to 1000 s will be made.

Diagnosing fusion plasmas involves many of the most advadcsmeasurement techniques
of physics and electronic engineering. There are more thafty di erent approaches ap-
plied at JET and this explains why hundreds of scientists wédwide are so interested
about the performance of JET diagnostics. Nuclear fusion igeneral and JET in partic-
ular are the main driving forces behind the development of spi c measuring techniques
like fast neutron/gamma spectrometry and high energy actes spectroscopy. Moreover,
notice that the diagnostics of a fusion plasma operate on aitgirealistic scale. Therefore,
these measuring techniques can be relevant for practical@igations and can potentially
create interesting spin-o s.
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Chapter 5
MDB database

5.1 Introduction

At JET, signals from all diagnostic systems are digitised ahstored in a central database.
The sampling frequencies depend on the requirements and latas of individual diagnos-

tics and vary from a few measurements per second up to abouteomillion per second.
In total, more than one billion readings of diagnostic data i@ recorded per JET pulse,
each with 12 or 16 bits resolution. In other words, every JET ydse produces almost 2
GBytes of raw diagnostics data, so that as much as 50 GByteseastored daily. Most of

the data need further processing - this is done automaticglivhere possible by dedicated
computer codes, but in many cases human intervention and/afata validation is required.

The processed data are stored separately from raw data. Alhth are accessible to all
scientists on the JET site and, moreover, any scientist frorany EFDA Association can

work with the data from his home institute via the technique & Remote Access. Many
Associations and Contractors continue to develop new diagstics for JET or upgrade the
present ones. At the same time, JET serves as a unique test bfed the development of
diagnostics for the future fusion reactor machine, the ITER

5.2 Description of MDB database

A database built with TCV MDB tool is most commonly a set of vey interesting quantities
(variables) taken for very interesting shots at very intersting times (samples). It can be
seen as a table in which each column represents a variablesl &ach row a sample. The
samples are de ned by one or more key variables, SHOT and TIME the example.
Their list is given in the manual entry le or man le, one of the three les constituting a
database. The list of variables together with the de nitionof their properties is given in
the variable description le or mdb le. These properties specify where the value of the
variable for each sample comes from (in this case it is a mahw@antry entered in the man
le) and how the sample time is selected on a time signal. Theaviables themselves are
stored as MATLAB variables with the same name in anat le forming the data le.

The man le contains the value for variables de ned as key or manualrgry by the method
variable property. It is usually used to de ne the sample sethrough key variables, such
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as the experimental campaign number, the shot number or thénte slice and optionally
to assign additional manual variables. It is an ascii le wih the extension .man or a mat
le with the extension .mat. Since interpreting an ascii lewith a large number of samples
takes time, a compiled man le with extension .manc will autmatically be created and
used if the ascii le has not been modi ed meanwhile.

The mdb le contains the description of the database variables. It&xtension is usually
.mdb. The methodproperty indicates what is the information source for lling the samples
and optionally how the expression property must be interpted. By expressionmethod =
key is understood that the sample values for this variable musteédalso in the manual entry
le. In addition the variables with a key method are used by MIB to distinguish di erent
samples and their combination must be di erent for each sanig. The most common case
is to mark the shot number and the sample time as key variables

The selectionproperty speci es how the signal sample should be chosen tepresent the
value of this variable at a the sample time given by the TIME vaable. Selection hear
means the following: if the processing property is empty, ghsignal sample at the sample
time if it exists or the nearest one is selected. But the sanwlselection is limited on a
time window centered around the sample time given by the wimav property. On the
other hand, if a processingis speci ed, it applies on a time window centered around the
sample time.

The property processingallows to t a polynomial of a speci ed order to the signal sarples
contained in the time window whose length is given by the wirav property. This window
is either before prev), centered around fiear) or after (nexf) the sample time, according
to the selectionproperty. The sample value is then that of the tted polynomial at the
sample time. For the data processing | used the mdb settingrocessing=poly0 which
calculates a mean value of the signal samples inside the timendow. The comparison
of using ‘'selection=near and 'processing=polyOfor forming the database is mentioned in
the following section and shown in Figure 5.1.

The data le is a mat le that contains the database variables themselves. For eachD@
database variable, there is a Matlab variable with the sameame. This is a 2-D array,
numeric or a character string with always the same rst dimesion, so that sample number
runs along this dimension. For 2-D signal there is an additial Matlab variable whose
name is the name of the variable followed by an underscore. this variable the pro le
of appropriate quantity is saved.

5.3 Demonstration of MDB tool data processing on
JET

An example of raw data processing using MDB tool on JET is demstrate in this section.
We chose for processing the data from measurement of minodias. For selecting the
speci c time value in man le, it is necessary to take into acount only the times, in
which the main plasma parameters are stable or do not vary tomuch. Plasma current,
additional heating and plasma shape and other plasma propiers were manually inspected
for each shots and only the time instances, where these pareters are stable were included
into the MDB database. The .mdb le includes in the database Y default the data point
nearest to the selected time. But, by using a 'processing=p®' setting within the .mdb
le, the mean values from a window of width (-0.25 + t, t + 0.25), wheret denotes the
speci ed time, are saved. This setting is more appropriateof our purposes. Figure 5.1
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shows the di erence between the MDB output with property ‘pocessing=poly0’ plue
circle) and without (red circle). The straight line indicates the time speci ed in man le
for which the value of minor radius is evaluated. In this cashe time is t = 5s. The dashed
lines then enclose the time window of width 0.5s. For demomation we used data from
shot #67890. From Figure 5.1 it is evident that the using of poperty 'processing=poly0’
is necessary to include mean values (within the speci ed tiemwindow) of the variables
into the MDB database.

Figure 5.1: Demonstration of data processing. The raw data are markedtwi+ . The
straight line speci es the time, in which the raw data are toebevaluated and the dashed
lines enclose the time window, in which the data are process&he output obtained with
mdb settings 'selection = near' is shown by while in addition the output evaluated with
mdb settings 'processing=poly0' is marked by .
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Chapter 6

Results

The reference con nement scenario, used for extrapolatida a burning fusion plasma, is
based on the ELMing H-mode. Con nement modes with internalrainsport barriers (ITB),
also referred to as advanced tokamak scenarios, are the keynbn-inductive, steady-state
operation in future devices and are being also developed a&R candidate scenarios. The
development of discharge scenarios with weak and strongembal transport barriers (ITB)
is also one of the primary goals of research at JET (undertakeby the Scenario 2, or S2
Task Force). Although similar experiments are performed omany other tokamaks, there
has never been a systematic attempt to compare the edge cdiuadis in these advanced
scenarios with those of the ELMing H-mode plasmas (studiedytthe Scenario 1, or S1
Task Force at JET) which will be the base-lineQpt =10 scenario on ITER and which has
been extensively studied with respect to edge physics. Twgptes of study are possible:
the detailed investigation of individual discharges (fron81 and S2), including numerical
uid code modelling and a statistical approach in which a lage number of edge and
core plasma quantities are compared across a large discleadfatabase to assess the level
of similarity in the edge plasma of each type of scenario. Weate begun by following
the latter, statistical approach, compiling a database of wre than 80 relevant quantities
which characterize plasma geometry, basic plasma parametécluding pro les of electron
temperature T, , density ne, ion temperature T; and all edge and scrape-o layer (SOL)
properties which are currently measured on JET.

| analyzed several physical quantities of JET tokamak meased both in S1 and S2 regimes.
In order to get clearer pictures, | initially build a small daabase containing only 33
following shots.

S1 regime (23 discharges): 70236-70239, 70241-70243, 70245-700640-70542,
70544-70553

S2 regime (10 discharges): 69987, 70274, 70275, 70292, 70300, 7033355,
70358, 70361, 70362.

These S1 shots were performed during two experimental sessi Divertor geometry stud-
ies - ITER like on 9.3.2007 and on 26.3.2007. The rst are chaaterized by high plasma
current of 2.5 MA. The latter session is characterized by loWBI and ICRH heating
of total power v . 9 MW. The S2 shots are characterized by non external seedin@he
MDB database for these shots was compiled with the followingettings: window=0.5,
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selection="near’, processing="poly0’. Only the times, inwhich the basic plasma param-
eters are stable over the MDB time window of 0.5s, were seledt For this purpose, the
each shot was manually inspected using JET remote accesslsoand specially developed
Matlab program.

6.1 Plasma shape

The Figure 6.1 shows the examples of geometry (separatrix gsoon) of both S1 (blue
line) and S2 (ed line) sets of discharges for times in the middle of the interval ed for
MDB database compilation. As it is seen from Figure 6.1 the @éma in the S1 discharges

Figure 6.1: Separatrix layout in S1 (blue) and S2 (red) regimes.

is limited by poloidal midplane limiter and as a result, a raher thin scrape-o layer (SOL)
can be expected. The strike point locations of both regimes er with inner strike point of
S2 shot being shifted upwards compared to S1 discharge. Thenards shifted inner strike
point is necessary to achieve higher triangularity of plasmshape in S2. These examples
of EFIT reconstruction represent well the whole set of S2 st&) which | considered here.
But in S1 shots, the strike points cover relatively long pathalong the divertor surface
(Figure 6.2). For better comparison the surface of divertotiles is drawn. The Figure
6.2 shows the layout of strike points in divertor tiles for bth regimes. It is clear that
the evaluation of outer strike points location is wrong, urke of inner strike points. This
is probably caused by error of magnetic reconstruction uginXLOC prucedure. The S2
plasmas shapes are almost the same with strike points locdte the upper part of inner
top divertor tile.
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Figure 6.2: Strike point locations in divertor region for both S1 and S2ischarges.

6.2 Density and temperature pro les

As | mentioned before, LIDAR is a very clever system for measng the electron tem-
perature and density. The density and temperature pro lesdr both S1 and S2 regimes
are shown in Figure 6.3. As it can be seen, the density is chatarized by at pro les in

Figure 6.3: LIDAR density (left) and temperarute (right) pro les measuement..

both regimes, unlike the temperature. The S1 plasmas havenast twice higher density.
Temperature exhibits more peaked pro les in S2, reaching mbst twice higher central
values compared to S1, as expected.

The next Figure 6.4 illustrates how the central electron temerature varies with total
input power. It is clearly seen that the S1 discharges are cgmosed from the two distinct
groups: one with total input power ofv 9 MW and the second with total input power
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Figure 6.4: Central electron temperature dependency on total input pew

of v 16 MW. In agreement with Figure 6.3, it is seen that signi catly higher central
temperature on average is obtain in S2 regime reaching up tokéV in comparison with
approximately 4 keV for S1 regime. The relation between ceal electron temperature
and input power is not obvious, particularly in S1 regime.

6.3 Radiation pattern

A pure hydrogen plasma emits electromagnetic radiation. Mioscopically this is caused
due to the acceleration of the charged particles. The eleotts are accelerated in two
ways. Firstly they are accelerated by collisions, then theesulting radiation is called
bremsstrahlung. Secondly they are subject to the acceleiat of their cyclotron motion.
The presence of impurities in the plasma produce energy lessthrough line radiation.

A measurement of the total radiation emitted from the plasmas important for evaluation
of the energy balance. Power radiated fraction is a importarcharacteristic especially in
point of view of ITER. It is a ratio of total radiated power from plasma and the total
input power into plasma. The radiated power fraction deperehce on density is shown in
Figure 6.5. As it can be seen the radiated power fraction in S&gime increases linearly
with density and reaches up to 70%, i.e. 70% of total input pav is lost via radiation.
On the other hand, the radiated power fraction for S2 regimesiabout 25%. The total
radiated power found in divertor region as a function of deitg and of total input power
is shown in Figure 6.6 (left panel). The S2 plasmas have lowaensity and hotter edges.
And as it shown the S2 plasmas radiate less than the colder edgin S1 plasmas. The
two S1 ‘clouds' correspond to the two groups of discharges database which dier in
amount of additional heating power. The divertor radiated jpwer increases with density
for S2 discharges. But for S1 shots, taking into account twastinct levels of input power,
the divertor radiated power remains constant. Lower abilit to radiate out the energy
from the divertor in S2 regime without impurity seeding is aparent also in Figure 6.6
(right panel). Here, the dependence of divertor radiated peer versus total input power
is plotted.
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Figure 6.5: Density dependance of radiated power fraction.

Figure 6.6: Divertor radiated power as a function of density (left) anddtal input power
(right).

6.4 Impurities measurement

If the plasma is in direct contact with wall components, eld¢oons and ions hit the surface.
This particle bombardment leads to release of impurity atosby collisions and for certain
plasma facing materials by chemical reactions. In additiothe wall material will be heated

by the corresponding energy transfer. The incident plasmans will be neutralized with

a fraction of them being re ected. Neutralized particles eering the plasma are ionized
again by electron impact or by charge exchange processeshwitlasma ions. Charge
exchange processes in hot plasma regions will produce naufarticles at high energies,
which can escape the plasma hitting also plasma facing conmegmts without direct plasma

contact. The presence of the impurities may degrade severdhe plasma properties
necessary for nuclear fusion.

Fusion plasma consists of several ion species, which areized in the plasma. Therefore
it is de ned a quantity called e ective charge Z¢+ , which indicates how the plasma is
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The Figure 6.7 (left) shows the measured;; as a function of density. A visible spec-
troscopy (KS3 - vertical line of sight) is used for measurinthe e ective chargeZes . The
S2 plasmas produce more impurities due to its low densitiesictherefore hotter edges,
i.e. higher wall interaction and strain of plasma facing coponents. Because the plasma

Figure 6.7: Impurity concentration (left) and carbon source strengthright).

facing components on JET are mainly made by carbon, | espellyaanalyzed the ratios of

Clll/Dalpha emission in the inner and outer divertor. This is an indicator of the carbon
source strength, since it gives an idea of number of carboredaased per incident neutral.
The Figure 6.6 (right) shows the ratio of carbon source strgth in the outer and inner

divertor target. It is evident that the carbon production is much higher in outer divertor

and the outer and inner ratio range varies from 1 to 9. No partular dependence of this
ratio on density is observed.

6.5 Langmuir probes measurement

| analyzed the electron density proles measured in SOL of JEtokamak by divertor
Langmuir probes in both S1 and S2 regimes. Electron densityqgles in SOL measured
by divertor Langmuir probes (LPs) are shown in Figure 6.8 (S%et left, S2 set right). |
used di erent shots to represent S1 regime, because the adead post discharge analysis
of data from Langmuir probes measurements was not done foretlseries of S1 discharges
discussed in previous sections. For S2 regime the same sesladts as before was used.
Here, the seven JET discharges 66102-66108 were used toesgnt S1 regime. These
were performed during a single experimental session High d&p high delta - New ITER
Shape on 25.4.2006. These S1 shots are characteristic byhhptasma current of 2.5 MA
and presence of compound ELMs activity with ELMs frequencyaried on a shot to shot
basis from 80 - 130 Hz.

Each data point in Figure 6.8 represents the evaluated outpwf the single or triple
Langmuir probe averaged over the time window of 0.5 s. Thg axis (density) is in
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logarithmic scale. The distance from separatrix mapped toiohplane (RMPLP) is plotted
on the x axis. The measured data are tted by exponential. Only the di& points plotted
by blue or red colour are included into the t. The black data mints were excluded from
the t because they were measured either in the divertor regh or they were rejected
because of too low value and noisy character. The later caggples mostly to the S2 set
of discharges. Note a rather good coverage of SOL density pedoy divertor Langmuir

Figure 6.8: Langmuir probes - density pro le of SOL in both S1 (left) and &(right) sets
of discharges. The t by exponential is plotted by green lin©nly the data points plotted
by blue or red are used for tting.

probes for S1 set of shots. The best t of S1 and S2 data, in thedst squares sense, was
obtained by formulas:

S1: Ne = 6:87 e %67 [10°m 3]
S2: Ne = 7:05 g %62 [10°m 3]

The coverage of SOL by divertor Langmuir probes in S2 set ofsgharges is rather worse.
The reason of this may be be the di erence in geometry (see kig 6.1). | assume that
the Langmuir probe measurements are hampered by radio freancy heating and current
drive ICRH and LH applied during these shots. For tting of S2SOL density pro les,

| did not take in account the data points in the range NELR (0;10'°) taken close to
separatrix. These points do not correspond to a speci ¢ shgtbut for each shot, several
points of the pro le fall into this ‘cloud’. | considered these measurements as wrongly
evaluated output of Langmuir probes. Further decrease of tlaspread could be obtained
by excluding Langmuir probe data measured during ELMs, wherthe evaluation of |-V
characteristics fails or is a ected by very large errors.

The electron density at separatrix is about the same for botB1 and S2 regimes reaching
approximately ne = 7 10®m 3. In both cases, the pro le can be well approximated by
exponential. The decrease of electron density pro le in SOis faster for S1 regime, so
the SOL in S1 appears to be slightly thinner compared to S2 sef discharges. This can
be explained by smaller outer gap con guration of S1 set of sts compared to the S2 set
(see Figure 6.1).
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Summary

This thesis gives an overview of comparison of the basic plag parameters in various
regimes of the JET tokamak. First regime is called the ELMingH-mode (S1), which
exhibits a transport barrier at the plasma edge and periodicelaxations of edge pressure
pro le (ELMs). The second one is characterized by Internal mansport Barrier (ITB) in
plasma core (S2) and is a key to non-inductive, steady-statgeration of future devices.

A brief introduction into the physics of magnetically con ned plasma is given in Chap-
ter 1. The outline of basic components and principles of oparon of tokamak device is
summarized in Chapter 2. Followings Chapters 3 and 4 give anayview of JET tokamak,
its operating regimes and its available diagnostics. Sométhe JET diagnostics are de-
scribed in more detail. Description and example of applicain of MDB database creation
tool is presented in Chapter 5. The results obtained are sunarized within Chapter 6.

In order to compare the both operating regimes a set of 23 dmsrges performed in
S1 regime and 10 discharges to represent S2 regime were tlecMore than 80 rele-
vant quantities including plasma geometry, basic plasma pameters, pro les of electron
temperature T, density ne, ion temperature T;, and all edge and scrape-o layer (SOL)
properties which are currently measured on JET, were used tharacterize these two
regimes. The proper time windows, where the main plasma panaters are stationary for
each discharge, were selected. For each time window, the mealues of the evaluated
guantities were computed and stored using the MDB databaseeation tool.

The plasma geometry is very reproducible within the S2 set alfischarges featuring
the inner strike points placed high onto the inner top diverbr tile. On the other hand,
large spread of strike point locations is observed for S1 sdtpulses. Further, it was found
out that the outer strike points seem to be wrongly evaluatethy XLOC procedure being
placed signi cantly bellow the divertor surface. This prollem calls for further attention
and investigation.

The density is characterized by at pro les in both regimes.S1 regime operates with
about two times higher density compared to S2. Temperaturexbibits more peaked
pro les in S2, reaching almost twice as high central valuesompared to S1.

Radiated power fraction in S1 regime increases linearly Wwitdensity and reaches up
to 70%. On the contrary, the radiated power fraction for S2 gime without seeding of
extrinsic impurities is only about 25%. This nding is extranely important with respect
to ITER as advanced ITER regimes with only 25% of radiated poer fraction would mean
unacceptably high heat loads to the divertor structure.

Impurity content was characterized by the e ective chargeZei+ for both regimes.
It was found that impurity content of the S2 pulses is higher de to the hotter edge
plasmas, i.e. higher plasma-wall interaction and strain dhe plasma facing components.
The carbon production rate is much higher in the outer divedr with the ratio of outer to
inner being from 1 to 9. No particular dependence of this raiion density was observed.

The SOL electron density pro les, measured by divertor Languir probes, were anal-
ysed for both S1 and S2 regimes. The electron density at segiaix is about the same
for both S1 and S2 regimes reaching approximatety, = 7 10®*m 3. In both cases, the
pro le can be well approximated by exponential.

In conclusion, it was found that for ITER advanced regimes, dditional extrinsic im-
purity seeding or further increase of density in divertor imeeded in order to increase
radiation power fraction and as a result to keep the power lola on divertor targets su -
ciently low.
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It is necessary to stress that these thesis contains only thasic comparison of some
main plasma parameters for a very limited number of JET pulse Gradual inclusion of
signi cantly more JET pulses into the database accompaniedith more detailed analysis
of its physics content is envisaged for the future.
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